Ataxia telangiectasia mutated (*ATM*) is a tumour-suppressor gene encoding a serine/threonine kinase that has an essential role in the DNA double-strand break (DSB). *ATM* transduces a DSB repair signal to downstream effector machinery by phosphorylating critical protein substrates ([@bib19]). *ATM* also has a role in cell cycle arrest, apoptosis and senescence, in order to prevent genomic instability ([@bib32]).

Germline mutations in *ATM* are responsible for an autosomal recessive disease, ataxia-telangiectasia, characterised by progressive neurodegeneration, telangiectasia, immunodeficiency, thymic and gonadal atrophy, marked predisposition to malignancies and acute sensitivity to ionising radiation ([@bib30]).

*ATM* is also a breast cancer susceptibility gene with low penetrance and low frequency. The evidence for an increased risk of breast cancer is derived from carriers of heterozygous *ATM* mutations ([@bib34]; [@bib28]).

*ATM* transcript downregulation has been reported in gastric, pancreatic, colorectal, laryngeal and pharyngeal cancers and has been described as a poor prognostic factor ([@bib15]; [@bib22]; [@bib2]; [@bib20]).

Genomic alterations of *ATM* gene have only been observed in rare cases (3--5%) of breast tumours ([@bib33]). *ATM* expression has been investigated in breast cancer but rarely in large cohorts. Downregulation of ATM has been described at mRNA and protein levels ([@bib41]; [@bib35]; [@bib29]; [@bib8]). *ATM* mRNA underexpression has been correlated with poor prognosis ([@bib41]), and ATM protein underexpression has recently been described as an independent prognostic factor ([@bib8]). Contradictory associations between *ATM* downregulation and classical clinicopathological parameters have been reported in these studies.

The molecular mechanisms involved in *ATM* deregulation in breast cancers are still unclear. Somatic mutations of the *ATM* gene are found in only about 3% of breast cancers ([@bib9]; [@bib13]) and *ATM* epigenetic dysregulation mediated by CpG island methylation has been studied but with discordant results ([@bib38]; [@bib36]; [@bib12]; [@bib27]). *ATM* gene deletion could be one mechanism involved, as loss of the 11q22-q23 region containing *ATM* gene is fairly frequent ([@bib33]). A posttranscriptional *ATM* regulation mechanism mediated by several microRNAs has also been reported in various cancers ([@bib26]; [@bib40]; [@bib31]; [@bib24]; [@bib7]; [@bib10]; [@bib17]; [@bib25]; [@bib16]; [@bib23]; [@bib42]; [@bib43]).

In order to investigate whether variations in the expression of *ATM* gene are associated with classical pathological parameters and outcome, we assessed ATM mRNA expression in 454 unilateral invasive breast tumours, using real-time quantitative reverse-transcription PCR (qRT--PCR) and ATM protein levels by reverse-phase protein arrays (RPPA) in 233 breast tumours. In addition, we determined the correlation between ATM dysregulation and 17 candidate proteins involved in various cancer pathways as well as 12 candidate miRNAs putatively involved in the posttranscriptional regulation of ATM.

Material and Methods
====================

Patients and samples
--------------------

Samples of 454 primary unilateral invasive primary breast tumours excised from women managed at Curie Institute---René Huguenin Hospital (Saint-Cloud, France) from 1978 to 2008 have been analysed. The samples were immediately stored in liquid nitrogen until mRNA and protein extraction. Tumour samples were considered suitable for our study if the proportion of tumour cells exceeded 70%.

All patients (mean age 61.7 years, range 31--91 years) met the following criteria: primary unilateral nonmetastatic breast carcinoma for which complete clinical, histological and biological data were available; no radiotherapy or chemotherapy before surgery; and full follow-up at Curie Institute---René Huguenin Hospital.

Treatment consisted of modified radical mastectomy in 291 cases (64.1%) and breast-conserving surgery plus locoregional radiotherapy in 163 cases (35.9%). The patients had a physical examination and routine chest radiography every 3 months for 2 years, then annually. Mammograms were done annually. Adjuvant therapy was administered to 367 patients, consisting of chemotherapy alone in 89 cases, hormone therapy alone in 176 cases and both treatments in 102 cases. The histological type and the number of positive axillary nodes were established at the time of surgery. The malignancy of infiltrating carcinomas was scored according to Scarff--Bloom--Richardson\'s (SBR) histoprognostic system.

Hormone receptor (HR) (oestrogen receptor (ER*α*), progesterone receptor (PR)) and human epidermal growth factor receptor 2 (ERBB2) status were determined at the protein level by using biochemical methods (dextran-coated charcoal method, enzyme immunoassay or immunohistochemistry) and confirmed by real-time quantitative RT--PCR assays ([@bib3], [@bib4]).

The population was divided into four groups according to HR (ER*α* and PR) and ERBB2 status, as follows: two luminal subtypes (HR+ (ER*α*+ or PR+)/ERBB2+ (*n*=54)) and (HR+ (ER*α*+ or PR+)/ERBB2− (*n*=289)); an ERBB2+ subtype (HR− (ER*α*- and PR−)/ERBB2+ (*n*=43)) and a triple-negative subtype (HR− (ER*α*− and PR−)/ERBB2− (*n*=68)). Standard prognostic factors are shown in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

The median follow-up is 9.5 years (range 5 months to 33 years); 174 patients had a metastasis.

Ten specimens of adjacent normal breast tissue from breast cancer patients (*n*=4) or normal breast tissue from women undergoing cosmetic breast surgery (*n*=6) were used as sources of normal mRNA ([@bib11]).

Real-time qRT--PCR for *ATM* expression
---------------------------------------

Quantitative values were obtained from the cycle number (Ct value) at which the increase in the fluorescence signal associated with exponential growth of PCR products started to be detected by the laser detector of the ABI Prism 7900 sequence detection system (Perkin--Elmer Applied Biosystems, Foster City, CA, USA), using the PE Biosystems analysis software (Perkin Elmer Applied Biosystems) according to the manufacturer\'s manuals.

The precise amount of total mRNA added to each reaction mix (based on optical density) and its quality (i.e., lack of extensive degradation) are both difficult to assess. Therefore we also quantified transcripts of the *TBP* gene (Genbank accession NM_003194) encoding the TATA box-binding protein (a component of the DNA-binding protein complex TFIID) as an endogenous RNA control and normalised each sample on the basis of its *TBP* content. We selected *TBP* as an endogenous control, because the prevalence of its transcripts is moderate, and because there are no known *TBP* retropseudogenes (retropseudogenes lead to coamplification of contaminating genomic DNA and thus interfere with RT--PCR, despite the use of primers in separate exons) ([@bib3]).

Results are expressed as *N*-fold differences in *ATM* gene expression relative to the *TBP* gene and termed 'N~*ATM*~\' were determined as N~*ATM*~=2^ΔCtsample^, where the ΔCt value of the sample was determined by subtracting the Ct value of the *ATM* gene from the Ct value of the *TBP* gene.

The N~*ATM*~ values of the samples were subsequently normalised such that the median of the N~*ATM*~ values for the 10 normal breast tissues was 1.

In addition to *TBP*, we previously used a second endogenous control, the *RPLP0* gene, (also known as 36B4) which encodes human acidic ribosomal phosphoprotein P0, in a subgroup of our large series of breast tumour RNAs. Each sample was normalised on the basis of its *TBP* or *RPLPO* content. Similar results were obtained with the two endogenous controls for various candidate target gene expressions ([@bib6]). Then we only used TBP as an endogenous control.

The primers for *TBP* and *ATM* genes were chosen with the assistance of the Oligo 6.0 program (National Biosciences, Plymouth, MN, USA). We scanned the dbEST and nr databases to confirm the total gene specificity of the nucleotide sequences chosen for the primers and the absence of single-nucleotide polymorphisms. The nucleotide sequences of the primers used were as follows: *ATM*-U (5′-CCAGCTGTGCAGCGAACAAT-3′) and *ATM*-L (5′-TCTAAGCACGTTTCTGCTAACCAGT-3′) for *ATM* gene (PCR product of 91 bp), and *TBP*-U (5′-TGCACAGGAGCCAAGAGTGAA-3′) and *TBP*-L (5′-CACATCACAGCTCCCCACCA-3′) for *TBP* gene (PCR product of 132 bp). To avoid amplification of contaminating genomic DNA, one of the two primers was placed at the junction between two exons. Agarose gel electrophoresis was used to verify the specificity of PCR amplicons. The conditions of total RNA extraction, cDNA synthesis and PCR were as previously described ([@bib5]).

miRNAs expression analysis
--------------------------

MicroRNAs were isolated with the RNA extraction procedure used for the protein-coding transcripts (total RNA extraction). Reverse transcription was performed with the QIAGEN miScript Reverse Transcription Kit, according to the manufacturer\'s protocol (QIAGEN, GmbH, Hilden, Germany). Specific miRNAs were quantified by real-time PCR with the QIAGEN miScript SYBR Green PCR Kit (QIAGEN). The small nucleolar RNU44 was used as an internal control. The expression of *miR-18a*, *miR-26a*, *miR-26b*, *miR-27a*, *miR-100*, *miR-101*, *miR-106a*, *miR-181a2*, *miR-181b1*, *miR-203*, *miR-223* and *miR-421* was subsequently analysed in 30 samples (15 with low level and 15 with high level of ATM protein). The relative expression level of each miRNA, expressed as *N*-fold difference in target miRNA expression relative to RNU44, and termed '*N*target\', was calculated as follows: *N*target=2^ΔCt^. The ΔCt value of a given sample was determined by subtracting the Ct value of the target miRNA from the Ct value of RNU44.The *N*target values of the samples were subsequently normalised so that the median *N*target value of samples with low level of ATM protein was 1.

RPPA
----

Reverse phase protein array (RPPA) technology is a miniaturised 'antigen-down\' or 'dot-blot\' immunoassay suitable for quantifying the relative, semi-quantitative or quantitative abundance of total protein levels and posttranslational modifications across a variety of biological samples ([@bib1]).

Samples were disrupted in Laemmli buffer (50 m[M]{.smallcaps} Tris pH=6.8, 2% SDS, 5% glycerol, 2 m[M]{.smallcaps} DTT, 2.5 m[M]{.smallcaps} EDTA, 2.5 m[M]{.smallcaps} EGTA, 1 × HALT Phosphatase inhibitor (Perbio 78420), Protease inhibitor cocktail complete MINI EDTA-free (Roche 1836170, 1 tablet/10 ml), 4 m[M]{.smallcaps} Na~3~VO~4~ and 20 m[M]{.smallcaps} NaF) qsp 5 ml H~2~O, using a TissueLyser (Qiagen) and two 5-mm stainless beads per sample. Extracts were then boiled for 10 min at 100 °C, passed through a fine needle to reduce viscosity and centrifuged 15 min at 13 000 r.p.m. The supernatant was harvested and stored at −80 °C. Protein concentration was determined (Pierce BCA Reducing Agent Compatible Kit, Pierce, Rockford, IL, USA, ref 23252). Samples were deposited onto nitrocellulose-covered slides (Fast slides, Maine Manufacturing, Sanford, ME, USA) using a dedicated arrayer (2470 arrayer, Aushon Biosystems, Billerica, MA, USA). Five serial dilutions, ranging from 1000 to 62.5 *μ*g ml^−1^, and two technical replicates per dilution were printed for each sample. Arrays were labelled with specific antibodies recognising studied proteins (see [Supplementary Table S2](#sup1){ref-type="supplementary-material"} for the list of antibody references) or without primary antibody (negative control), using an Autostainer Plus (Dako, Glostrup, Denmark). Briefly, slides were incubated with avidin, biotin and peroxydase blocking reagents (Dako) before saturation with TBS containing 0.1% Tween-20 and 5% BSA (TBST-BSA). Slides were then probed overnight at 4 °C with primary antibodies diluted in TBST-BSA. After washes with TBST, arrays were probed with horseradish peroxidase-coupled secondary antibodies (Jackson ImmunoResearch Laboratories, Newmarket, UK) diluted in TBST-BSA for 1 h at RT. To amplify the signal, slides were incubated with Bio-Rad Amplification Reagent (Bio-Rad Laboratories, Hercules, CA, USA) for 15 min at RT. The arrays were washed with TBST, probed with Alexa647-Streptavidin (Molecular Probes, Life Technologies, Grand Island, NY, USA) diluted in TBST-BSA for 1 h at RT and washed again in TBST. For staining of total proteins, arrays were incubated 15 min in 7% acetic acid and 10% methanol, rinsed twice in water, incubated 10 min in Sypro Ruby (Life Technologies, Grand Island, NY, USA) and rinsed again. The processed slides were dried by centrifugation and scanned using a GenePix 4000B microarray scanner (Molecular Devices, Sunnyvale, CA, USA). Spot intensity was determined with the MicroVigene software (VigeneTech Inc., Carlisle, MA, USA). All primary antibodies used in RPPA have been previously tested by western blotting to assess their specificity for the protein of interest.

Raw data were normalised using Normacurve ([@bib37]), which normalises for fluorescent background per spot, a total protein stain and potential spatial bias on the slide. Next, each RPPA slide was median centred and scaled (divided by median absolute deviation). We then corrected for remaining sample loading effects individually for each array by correcting the dependency of the data for individual arrays on the median value of each sample over all arrays using a linear regression.

Statistical analysis
--------------------

The distributions of ATM mRNA and protein, other target protein and miRNA levels were characterised by their median values and ranges. Relationships between ATM mRNA and protein levels and other target genes and miRNA levels, and between mRNA and protein levels and clinical parameters, were identified using nonparametric tests, the Kruskal--Wallis *H* test (relationship between one quantitative parameter and ⩾2 qualitative parameters) and the Spearman rank correlation test (relation between two quantitative parameters). Differences were considered significant at confidence levels \>95% (*P*\<0.05).

Metastasis-free survival (MFS) was determined as the interval between initial diagnosis and detection of the first metastasis.

To visualise the efficacy of a molecular marker (ATM mRNA and protein levels) to discriminate between two populations (patients who developed/did not develop metastases) in the absence of an arbitrary cutoff value, data were summarised in a ROC (receiver operating characteristic) curve ([@bib18]). The AUC (area under curve) was calculated as a single measure to discriminate efficacy. Survival distributions were estimated by the Kaplan--Meier method, and the significance of differences between survival rates were ascertained with the log-rank test.

The Cox proportional hazards regression model was used to assess prognostic significance, and the results are presented as hazard ratios and 95% confidence intervals (CIs).

Results
=======

Relationship between *ATM* mRNA expression in breast tumours and classical clinicopathological parameters and patient outcome
-----------------------------------------------------------------------------------------------------------------------------

*ATM* mRNA expression level was assessed in the whole series of 454 samples ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}) and in 10 normal breast tissue samples.

*ATM* mRNA expression showed no significant difference between the two groups of normal breast tissue controls: the four adjacent normal breast tissues from breast cancer patients *vs* the six normal breast tissues from women undergoing cosmetic breast surgery.

*ATM* mRNA expression level was weakly associated with three classical predictive factors: age (*P*=0.042), SBR histological grade (*P*=0.015), and macroscopic tumour size (*P*=0.022) ([Table 1](#tbl1){ref-type="table"}). Using HR (ER*α* and PR) and ERBB2 status, we subdivided our total population (*n*=454) into four subgroups: HR+/ERBB2+ (*n*=54), HR+/ERBB2− (*n*=289), HR−/ERBB2+ (*n*=43), and HR−/ERBB2− (*n*=68). No correlation was observed between the subgroups and *ATM* mRNA levels ([Table 1](#tbl1){ref-type="table"}). We also tested the possible relationship between *ATM* and *Ki67* expression, also determined for the same tumours. No correlation was observed between *ATM* and *Ki67* mRNA levels (Spearman test: *r*=−0.055, *P*=0.24), suggesting no link between *ATM* expression and cell proliferation.

We assessed the impact of variations of *ATM* mRNA levels on patient outcome by studying survival curves. AUC analyses were performed to identify a cut point, which divides the cohort into relevant *ATM* expression subgroups. Compared with tumours expressing high *ATM* mRNA levels (\>1.30, *n*=123, 27.1%), tumours with low *ATM* mRNA expression (⩽1.30, *n*=331, 72.9%) were significantly associated with poor MFS (*P*=0.00012; [Figure 1A](#fig1){ref-type="fig"}). Patients with lower *ATM* expression had a 5-year MFS and a 10-year MFS of 70.4±2.5% and 59.0±2.8%, respectively, and patients with higher *ATM* expression had a 5-year MFS and a 10-year MFS of 85.7±3.2% and 78.7±3.9%, respectively.

Multivariate analysis using a Cox proportional hazards model assessed the predictive value for MFS of the parameters found to be significant on univariate analysis, that is, SBR histological grade, lymph node status, macroscopic tumour size, PR status ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}) and *ATM* mRNA level ([Figure 1A](#fig1){ref-type="fig"}). The prognostic significance of lymph node status (*P*=0.000023), macroscopic tumour size (*P*=0.0026), PR status (*P*=0.004) and *ATM* mRNA level (*P*=0.00046) persisted ([Table 2A](#tbl2A){ref-type="table"}). This analysis confirmed that the *ATM* mRNA level is an independent prognostic factor.

As *ATM* is a minor susceptibility gene for breast cancer, we wondered whether ATM alteration was observed more frequently among young patients in our breast cancer series. We observed a significant difference of *ATM* mRNA level between patients age \<37 years (*n*=11; median=0.55) and breast cancer patients aged \>37 years (*n*=443; median=0.98) (*P*=0.020), and a less significant difference was observed at the 50-year cutoff (*P*=0.042; [Table 1](#tbl1){ref-type="table"}).

Relationship between ATM protein level in breast tumours and classical clinicopathological parameters and patient outcome
-------------------------------------------------------------------------------------------------------------------------

We assessed the ATM protein level using RPPA in 233 tumour samples, including 144 of the 454 samples on which the mRNA expression level was also determined. A positive correlation was observed between *ATM* mRNA level and ATM protein level (Spearman test: *r*=+0.297, *P*=0.00040), supporting our data concerning ATM mRNA levels and also suggesting that dysregulation of *ATM* in breast cancer is in part transcriptional.

The characteristics of the 233 tumours tested by RPPA are shown in [Supplementary Table S3](#sup1){ref-type="supplementary-material"}. ERBB2 status was available for only 152 of these old samples, and these samples therefore could not be subdivided into HR/ERBB2 subgroups. No significant correlation was observed between ATM protein level and classical prognostic factors ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}). AUC analyses identified a cut point that divided the cohort into relevant ATM protein level subgroups. The log-rank test showed a highly significant difference in MFS between patients with low (⩽0.81, *n*=62, 26.6%) and high (\>0.81, *n*=171, 73.4%) ATM protein levels (*P*=0.000025; [Figure 1B](#fig1){ref-type="fig"}). Patients with lower ATM expression had a poorer prognosis (5-year MFS: 48.4±6.3% 10-year MFS: 41.7±6.3%) than those with higher ATM expression (5-year MFS: 71.8±3.5% 10-year MFS: 65.2±3.7%). Multivariate analysis showed that ATM protein level, like the ATM mRNA level, was an independent prognostic factor (*P*=0.00037; [Table 2B](#tbl2B){ref-type="table"}).

Relationship between ATM protein level and other proteins of the DSB repair pathway
-----------------------------------------------------------------------------------

In order to study the possible implication of *ATM* in various well-known cancer pathways, we also used RPPA to study 13 additional proteins involved in the DSB repair pathway (H2AX, XRCC5, NBN, Mre11, Rad50 and TP53BP1), the epithelial--mesenchymal transition pathway (E-cadherin and Vimentin), two oncogenic pathways (p44/42-MAPK, P-p44/42-MAPK, AKT, P-AKT, mTOR, P-mTOR, MEK1/2 and P-MEK1/2) and cell proliferation (Ki67).

Significant correlations were observed only with proteins of the DSB repair pathway but not with proteins of the other classically dysregulated cancer pathways, as ATM was positively correlated with H2AX (*P*\<0.0000001), XRCC5 (*P*\<0.0000001), NBN (*P*\<0.0000001), Mre11 (*P*=0.0000029), Rad50 (*P*=0.0064) and TP53BP1 (*P*=0.026) ([Table 3](#tbl3){ref-type="table"}).

As for ATM, the prognostic values of the DSB repair pathway proteins were also evaluated in this series of 233 breast tumour proteins ([Table 3](#tbl3){ref-type="table"}). No prognostic marker more discriminant than ATM (*P*=0.000025) was identified, highlighting the preponderant role of ATM in this pathway.

Relationship between ATM protein level and the expression status of 12 miRNAs
-----------------------------------------------------------------------------

To investigate whether dysregulation of the ATM gene was triggered by miRNAs, we tested the possible negative correlation between ATM protein level and 12 candidate miRNAs levels described in the literature as posttranscriptional regulators of the *ATM* gene ([@bib26]; [@bib40]; [@bib31]; [@bib24]; [@bib7]; [@bib10]; [@bib17], [@bib16]; [@bib25]; [@bib23]; [@bib42]; [@bib43]). *MiR-18a*, *miR-26a*, *miR-26b*, *miR-27a*, *miR-100*, *miR-101*, *miR-106a*, *miR-181a2*, *miR-181b1*, *miR-203*, *miR-223* and *miR-421* levels were analysed in 15 low *ATM*-expressing (marked low levels of both mRNA and protein) and 15 high *ATM*-expressing (marked high levels of both mRNA and protein) breast tumours ([Table 4](#tbl4){ref-type="table"}). A negative correlation was observed only between *ATM* and *miR-203* expression status, as the median *miR-203* value was 0.41 in high *ATM-*expressing breast tumours compared with the normalised value of 1 in low *ATM*-expressing breast tumours (*P*=0.011). It should be noted that three miRNAs (*miR-26a*, *miR-26b* and *miR-101*) showed a positive correlation with the ATM protein level.

Discussion
==========

In breast cancer, *ATM* downregulation has been described at both the mRNA and protein levels and has been associated with poor outcome. In order to confirm the results of previous studies in our large cohort of breast cancers, we tested 10 normal breast tissue RNAs and 454 unilateral invasive primary breast tumour RNAs, using the qRT--PCR method.

A significant correlation was observed between a low level of *ATM* mRNA and histopathological grade III tumours (*P*=0.015) and high macroscopic tumour size (*P*=0.022), suggesting that a low level of *ATM* has a role in breast tumour aggressiveness and confirming the tumour-suppressor role of *ATM.*

It should be noted that *ATM* gene is a breast cancer susceptibility gene associated with moderate risk ([@bib34]; [@bib28]). We observed a higher frequency of *ATM* mRNA dysregulation in young breast cancer patients, supporting the idea that *ATM* dysregulation is a major molecular step in tumorigenesis in young breast cancer patients.

Survival analysis revealed that patients with low *ATM* mRNA levels had shorter MFS (*P*=0.00012), as previously described ([@bib41]). Multivariate analysis showed that *ATM* mRNA status was an independent prognostic factor (*P*=0.00046). The positive correlation (*P*=0.00040) observed between *ATM* mRNA and ATM protein levels assessed by RPPA in 233 breast tumours indicated that regulation of *ATM* is in part transcriptional. A low level of ATM protein was correlated with poor outcome (*P*=0.000025). ATM protein level was also an independent prognostic factor (*P*=0.00037), as described in a recent study ([@bib8]).

These results are in agreement with studies describing downregulation of ATM mRNA ([@bib41]; [@bib29]; [@bib8]) or protein ([@bib35]; [@bib8]) in breast cancer. We also demonstrated the independent prognostic value of *ATM* mRNA level.

The mechanisms of dysregulation of *ATM* in breast cancers have not been fully elucidated. Posttranscriptional regulation of *ATM* mediated by miRNAs has been described in many cancers, including breast cancers. In order to investigate this hypothesis, we selected 12 miRNAs with luciferase studies from the literature, demonstrating their activity on *ATM* mRNA ([@bib26]; [@bib40]; [@bib31]; [@bib24]; [@bib7]; [@bib10]; [@bib17]; [@bib25]; [@bib16]; [@bib23]; [@bib42]; [@bib43]). A negative correlation was observed only between *miR-203* level and ATM protein level (*P*=0.011). Regulation of ATM by *miR-203* has only been described in colorectal cancer. Our results suggest that *miR-203* could be partly involved in dysregulation of *ATM* in breast cancers. Further investigations are necessary to demonstrate the interaction between *miR-203* and ATM protein level.

*ATM* is widely known to be a central player in cell proliferation and DNA-damage response (DDR). RPPA assay was used to study correlations between ATM protein level and other proteins of the DSB repair pathway, cell proliferation pathway and other pathways (EMT, MAPK and AKT/mTOR). Our results showed a relationship between ATM protein dysregulation and six other proteins of the DSB repair pathway, that is, H2AX, XRCC5, NBN, Mre11, Rad50 and TP53BP1. Conversely, no correlation was observed between ATM expression and proliferation, as demonstrated by Ki67 at mRNA and protein levels. These results confirm that ATM dysregulation has a major role in DSB repair pathway defect but not in cell proliferation. Our results suggest that, in addition to the well-known fact that reduction of ATM levels acts by altering the formation of DSB repair foci, ATM expression seems also linked to expression levels of several major actors of the DSB repair pathway. This DNA repair defect may be associated with homologous recombination DNA repair defect called 'BRCAness\', particularly concerning the sensitivity to PARP inhibitors. PARP inhibitors have been shown to be highly lethal to tumour cells with deficiencies of DDR factors, such as BRCA1 or BRCA2. Their activity is based on the principle of synthetic lethality, which consists of targeting two separate molecular pathways that are nonlethal when disrupted individually but are lethal when inhibited simultaneously. The sensitivity of cancers with *ATM* downregulation to PARP inhibitors has been studied in breast and other cancers, with promising results ([@bib39]; [@bib14]; [@bib21]).

In conclusion, our results show that *ATM* is an outstanding prognostic marker in breast cancer and that *ATM* downregulation (both at the transcriptional and posttranscriptionnal levels) leads to dysregulation of the DSB repair pathway, which is probably involved in breast tumorigenesis. This could predict a favourable response to treatment with PARP inhibitors.
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![**Survival curves of two patient groups according to ATM mRNA and protein levels.** (**A**) MFS curves according to *ATM* mRNA level in 454 breast cancers. (**B**) MFS curves according to ATM protein level in 233 breast cancers.](bjc201560f1){#fig1}

###### Characteristics of the 454 breast tumours relative to *ATM* mRNA expression

                                                                                      **Total population (%)**   ***ATM* mRNA expression relative to normal breast**   **P**[a](#t1-fn2){ref-type="fn"}
  ----------------------------------------------------------------------------------- -------------------------- ----------------------------------------------------- ----------------------------------
  Total                                                                               454 (100.0)                0.98 (0.21--4.99)[b](#t1-fn3){ref-type="fn"}           
  **Age, years**                                                                                                                                                       
  ⩽50                                                                                 97 (21.4)                  0.88 (0.28--2.42)                                     **0.042**
  \>50                                                                                357 (78.6)                 1.00 (0.21--4.99)                                      
  **SBR histological grade**[c,](#t1-fn4){ref-type="fn"}[d](#t1-fn5){ref-type="fn"}                                                                                    
  I                                                                                   58 (13.0)                  1.15 (0.38--1.96)                                     **0.015**
  II                                                                                  228 (51.2)                 0.98 (0.21--4.99)                                      
  III                                                                                 159 (35.7)                 0.91 (0.24--2.60)                                      
  **Lymph node status**[e](#t1-fn6){ref-type="fn"}                                                                                                                     
  0                                                                                   119 (26.3)                 1.06 (0.29--4.99)                                     0.33 (NS)
  1--3                                                                                237 (52.3)                 0.98 (0.21--3.18)                                      
  \>3                                                                                 97 (21.4)                  0.92 (0.24--2.43)                                      
  **Macroscopic tumour size**[f](#t1-fn7){ref-type="fn"}                                                                                                               
  ⩽25 mm                                                                              222 (49.8)                 1.02 (0.21--4.99)                                     **0.022**
  \>25 mm                                                                             224 (50.2)                 0.90 (0.24--3.18)                                      
  **ER*****α*** **status**                                                                                                                                             
  Negative                                                                            116 (25.6)                 1.0 (0.28--4.99)                                      0.11 (NS)
  Positive                                                                            338 (74.4)                 0.96 (0.21--3.18)                                      
  **PR status**                                                                                                                                                        
  Negative                                                                            192 (42.3)                 0.95 (0.21--4.99)                                     0.58 (NS)
  Positive                                                                            262 (57.7)                 0.99 (0.24--3.18)                                      
  **ERBB2 status**                                                                                                                                                     
  Negative                                                                            357 (78.6)                 0.99 (0.21--4.99)                                     0.82 (NS)
  Positive                                                                            97 (21.4)                  0.94 (0.28--3.18)                                      
  **Molecular subtypes**                                                                                                                                               
  HR− ERBB2−                                                                          68 (15.0)                  1.02 (0.40--4.99)                                     0.25 (NS)
  HR− ERBB2+                                                                          43 (9.5)                   1.06 (0.28--2.63)                                      
  HR+ ERBB2−                                                                          289 (63.7)                 0.98 (0.21--2.43)                                      
  HR+ ERBB2+                                                                          54 (11.9)                  0.87 (0.41--3.18)                                      

Abbreviations: ATM=ataxia telangiectasia mutated; ER=oestrogen receptor; ERBB2=human epidermal growth factor receptor 2; HR=hormone receptor; NS=not significant; PR=progesterone receptor; SBR=Scarff--Bloom--Richardson. The bold values are statistically significant (*P*\<0.05).

Kruskal--Wallis *H* test.

Median (range).

Scarff--Bloom--Richardson classification.

Information available for 445 patients.

Information available for 453 patients.

Information available for 446 patients.

###### Results of Cox multivariate analysis: multivariate analysis of MFS in 454 patients (RNA study)

  **Characteristics**           **HR**    **95% CI**  **P-value**[a](#t2A-fn2){ref-type="fn"}
  ----------------------------- -------- ------------ -----------------------------------------
  **Lymph node status**                               
  0                             1                     **0.000023**
  1--3                          1.63      1.30--2.03   
  \>3                           2.64      1.69--4.14   
  **Macroscopic tumour size**                         
  ⩽25 mm                        1                     **0.0026**
  \>25 mm                       1.60      1.18--2.16   
  **SBR histological grade**                          
  I                             1                     (0.30) NS
  II                            1.14      0.89--1.44   
  III                           1.29      0.80--2.08   
  **PR status**                                       
  Negative                      1                     **0.004**
  Positive                      0.64      0.47--0.87   
  **ATM mRNA level**                                  
  ⩽1.30                         1                     **0.00046**
  \>1.30                        0.49      0.33--0.73   

Abbreviations: CI=confidence interval; HR=hazard ratio; MFS=metastasis-free survival; NS=not significant. The bold values are statistically significant (*P*\<0.05).

Multivariate Cox analysis.

###### Results of Cox multivariate analysis: multivariate analysis of MFS in 233 patients (protein study)

  **Characteristics**           **HR**    **95% CI**  **P-value**
  ----------------------------- -------- ------------ -------------
  **Lymph node status**                               
  0                             1                     **0.00031**
  1--3                          1.63      1.26--2.12   
  \>3                           2.66      1.58--4.49   
  **Macroscopic tumour size**                         
  ⩽25 mm                        1                     **0.0063**
  \>25 mm                       1.76      1.16--2.66   
  **ATM protein level**                               
  ⩽0.81                         1                     **0.00037**
  \>0.81                        0.50      0.34--0.73   

Abbreviations: CI=confidence interval; HR=hazard ratio; MFS=metastasis-free survival; NS=not significant. The bold values are statistically significant (*P*\<0.05).

###### Relationship between ATM protein level and other proteins involved in various well-known signalling pathways that are altered in cancer

  **Protein**               **Correlation with ATM protein level**[a](#t3-fn2){ref-type="fn"}   **Prognostic value**[b](#t3-fn3){ref-type="fn"}
  ------------------------ ------------------------------------------------------------------- -------------------------------------------------
  **DSB repair pathway**                                                                       
  H2AX                                      0.428[c](#t3-fn4){ref-type="fn"}                                      **0.0036**
                                       **\<0.0000001**[d](#t3-fn5){ref-type="fn"}                                       
  XRCC5                                                   0.426                                                      0.083
                                                     **\<0.0000001**                                                    
  NBN                                                     0.408                                                    **0.033**
                                                     **\<0.0000001**                                                    
  Mre11                                                   0.317                                                    **0.045**
                                                      **0.0000029**                                                     
  Rad50                                                   0.178                                                    **0.032**
                                                       **0.0064**                                                       
  TP53BP1                                                 0.145                                                    **0.039**
                                                        **0.026**                                                       
  **EMT**                                                                                      
  Vimentin                                                0.019                                                         
                                                        0.78 (NS)                                                       
  E-cadherin                                              0.009                                                         
                                                        0.89 (NS)                                                       
  **Cell proliferation**                                                                       
  Ki67                                                    0.023                                                         
                                                        0.72 (NS)                                                       
  **MAPK pathway**                                                                             
  p44/42-MAPK                                            −0.151                                                         
                                                        **0.02**                                                        
  P-p44/42-MAPK                                          −0.066                                                         
                                                         0.32 NS                                                        
  MEK1/2                                                  0.101                                                         
                                                        0.12 (NS)                                                       
  P-MEK1/2                                                0.013                                                         
                                                        0.83 (NS)                                                       
  **AKT/mTor pathway**                                                                         
  AKT                                                     0.048                                                         
                                                        0.47 (NS)                                                       
  P-AKT                                                   0.055                                                         
                                                        0.41 (NS)                                                       
  mTOR                                                   −0.012                                                         
                                                        0.85 (NS)                                                       
  P-mTOR                                                  −0.03                                                         
                                                        0.65 (NS)                                                       

Abbreviations: ATM=ataxia telangiectasia mutated; DSB=double-strand break; EMT=epithelial--mesenchymal transition; MAPK=mitogen-activated protein kinase; mTOR=mammalian target of rapamycin; NS=not significant. The bold values are statistically significant (*P*\<0.05).

Spearman rank correlation test.

Log-rank test.

Spearman correlation coefficient.

*P*-value of Spearman rank correlation test.

###### Relationships between ATM protein level and 12 candidate miRNAs

  **miRNA**   **Breast cancer with low level of ATM expression (n=15)**   **Breast cancer with high level of ATM expression (n=15)**   **P-value**[a](#t4-fn2){ref-type="fn"}   **ROC---AUC**[b](#t4-fn3){ref-type="fn"}
  ----------- ----------------------------------------------------------- ------------------------------------------------------------ ---------------------------------------- ------------------------------------------
  miR-203     1 (0.19--7.89)[c](#t4-fn4){ref-type="fn"}                   0.41 (0.05--3.96)                                            **0.011**                                0.773
  miR-421     1 (0.34--7.39)                                              0.57 (0.33--6.76)                                            0.056 (NS)                               0.704
  miR-27A     1 (0.33--3.27)                                              0.54 (0.24--2.25)                                            0.078 (NS)                               0.689
  miR-181b1   1 (0.25--3.88)                                              0.61 (0.24--2.35)                                            0.32 (NS)                                0.607
  miR-181a2   1 (0.33--3.06)                                              0.78 (0.25--2.89)                                            0.35 (NS)                                0.600
  miR-18A     1 (0.11--13.60)                                             0.73 (0.26--3.72)                                            0.44 (NS)                                0.582
  miR-106a    1 (0.24--8.97)                                              1.01 (0.29--2.53)                                            0.8 (NS)                                 0.527
  miR-100     1 (0.19--30.36)                                             1.43 (0.35--3.72)                                            0.31 (NS)                                0.391
  miR-223     1 (0.25--24.92)                                             1.94 (0.15--14.60)                                           0.14 (NS)                                0.340
  miR-101     1 (0.12--73.62)                                             3.42 (1.48--12.82)                                           **0.01**                                 0.224
  miR-26b     1 (0.32--42.05)                                             3.05 (0.75--9.44)                                            **0.0095**                               0.222
  miR-26a     1 (0.35--22.40)                                             3.56 (1.30--12.45)                                           **0.0045**                               0.196

Abbreviations: ATM=ataxia telangiectasia mutated; miRNA=microRNA; NS=not significant. The bold values are statistically significant (*P*\<0.05).

Kruskal--Wallis *H* test.

ROC (receiver operating characteristics)---AUC (area under curve) analysis.

Median (range) miRNA levels.
